Abstract. In this work, we present results from a ball-milling experiment carried out simultaneously on (a) CuFe 2 O 4 spinel and (b) its precursor mixture CuO + α-Fe 2 O 3 , to investigate their evolution under identical conditions. Partial reversibility of the reaction CuO+α-Fe 2 O 3 ↔ CuFe 2 O 4 was observed, resulting in nearly equal phase composition for both systems after 420 h of milling. X-ray data showed that the final admixture was composed mainly of nanosized α-Fe 2 O 3 and spinel phases. Almost coincident average grain sizes d ≈ 14 nm were found in both milled samples, although different size distributions were inferred from their magnetic behaviour. Superparamagnetic (SPM) relaxation effects were observed in the resulting particles at room temperature. Mössbauer and magnetization data taken below the SPM blocking temperature indicate partial formation of the Cu x Fe 3−x O 4 (0 < x < 1) spinel solid solution, with cubic structure and high local disorder.
Introduction
Structural and magnetic properties of nanosized particles can be strikingly different from those of the same bulk materials [1] [2] [3] . The magnetic phenomena associated with nanosized systems include macroscopic magnetic tunnelling, superparamagnetism (SPM) and spin canting [4] [5] [6] [7] [8] , making these novel systems of interest in material science and engineering [9] . Mechanical grinding and alloying are becoming a standard procedure to obtain nanosized materials and metastable phases [10, 11] . Although theoretical and empirical models of microstructural evolution, collision frequency and impact energy during the milling process have been proposed [12] , the fundamental mechanisms involved are not yet fully understood. Ball milling is usually considered as a means of obtaining solid-state reactions, which occur across the welded interfaces of the powder particles when impacted by the grinding media. All solid-state reactions involve the formation of product phases that displace the reactants. As this process is governed by the geometry and diffusion rates of the reactants and products, it requires relatively high temperatures (i.e. several hundred degrees) to overcome the energy barrier. Mechanical milling minimizes the energy barrier of the products by increasing the reaction interface, through continuously welding and fracturing the powder particles at the nanometre scale. This allows chemical reactions to take place at nearly room temperature. Mössbauer spectroscopy provides a helpful tool to study the evolution of milled phases, by measuring the local hyperfine interactions of the probe atom, which can sense minute changes in the local crystalline structure and magnetic properties of the system. We present in this work x-ray, Mössbauer and magnetization results on samples of CuFe 2 O 4 and its precursor mixture CuO+α-Fe 2 O 3 , ball-milled under identical conditions. The main purpose was to perform a comparative study regarding the microstructural and magnetic properties of the resulting Cu-Fe-O phases after milling.
Experimental procedure
Polycrystalline CuFe 2 O 4 spinel was prepared by mixing stoichiometric amounts of α-Fe 2 O 3 and CuO powders (99.999% purity, ≈200 µm particle size) and heating in air at 1200 K for 20 hours, repeating the procedure three times. The final cooling ramp was set to 2 K min −1 to avoid the formation of cubic phase. This was one of the starting samples used in the milling experiment, which will be labelled CFS hereafter. The second sample used in the experiment was a 1:1 mixture of CuO and α-Fe 2 O 3 , thought of as a precursor for the formation of CuFe 2 O 4 . This sample will be labelled CFM. Each sample was placed in a separate container and milled in a planetary ball mill (Fritsch Pulverisette 7), with hardened steel (Fe 74 Cr 18 Ni 8 ) vials and balls, for 420 h. Rotational velocity was 950 rpm, and a ball-to-powder mass ratio of 12:1 was chosen. Equal weights of starting powders were used in each container of the planetary miller, whereby the single process ensured identical milling conditions for both samples. Acetone was added to the containers as a carrier liquid, to give high particle mobility during milling. The resulting powders were dried in air at 323 K. X-ray diffraction data of these samples did not show detectable signs of contamination from the vials and balls. X-ray diffraction measurements were performed using a Philips PW-1140 diffractometer with Cu Kα radiation in the 2θ range of 10-80
• with a step size of 0.01
• . Mössbauer measurements were performed with a conventional constantacceleration spectrometer in transmission geometry with a 57 Co source in a Rh matrix at 4.2 and 296 K. All isomer shifts are given relative to that of α-Fe at room temperature. Optimal absorber thickness was calculated to be 18 mg cm −2 . Mössbauer spectra were fitted using Lorentzian lineshapes, and a shape-independent distribution fitting program [13] was used when hyperfine field distributions were present. Magnetization measurements were performed in a vibrating sample magnetometer at 4.2 K and 300 K, in fields up to 90 kOe.
Experimental results

Figures 1(a) and (b)
show the x-ray data corresponding to as-prepared CuFe 2 O 4 and CuO+α-Fe 2 O 3 samples (CFS and CFM respectively). The starting CFM mixture shows the expected peaks corresponding to CuO and α-Fe 2 O 3 phases. The initial CuFe 2 O 4 sample was found to be single phase, with tetragonal structure and lattice parameters a = 8.225(2)Å and c = 8.691(2)Å. For milled CFM and CFS samples, figures 1(c) and (d) evidence a remarkable similitude of XRD patterns, having almost identical peak positions and intensities. In order to check the possibility of this similitude being originated in sample inhomogeneities, a second set of measurements was performed on different fractions of sample, with identical results. Average grain sizes d were estimated from XRD data using the Scherrer equation, after subtracting instrumental broadening from the experimental linewidth. The values obtained for milled CFM and CFS samples were d = 14(2) nm and d = 13(2) nm, respectively. The comparative analysis of the x-ray patterns of figure 1 showed that large amounts of α-Fe 2 O 3 are present in both milled samples. A second phase with spinel structure was also observed. Since the potentially produced phases have similar Bragg reflections, a conclusive identification of this phase was unattainable due to the large broadening of the experimental x-ray lines. However, it can be noticed that the peak at • distinctive of tetragonal CuFe 2 O 4 spinel is absent, suggesting a tetragonal-tocubic transformation of the spinel phase during milling. These features suggest that the solid solution Cu x Fe 3−x O 4 , with 0 < x < 1, is formed during milling. Small amounts of CuO were also detected, with the strongest peaks near the limit of XRD detection. Table 1 shows the experimental peak position of milled samples, and those corresponding to the starting CuO, α-Fe 2 O 3 and CuFe 2 O 4 phases [14] . The background curvature observed at low angles is related to the carrier liquid used in the milling process, which remains strongly bounded to the grains. Accordingly, this feature disappears after heating the samples at 673 K for 1 h, as shown in figures 1(e) and 1(f). It can be observed that both patterns remain essentially unchanged after annealing, with the same peak positions and relative intensities as the asmilled patterns. The average grain sizes found were 34(5) nm and 31(5) nm, for annealed CFM and CFS samples respectively.
To further investigate the phase composition of milled samples, Mössbauer measurements were performed at 296 and 4.2 K. Room temperature Mössbauer spectra of as-prepared CFM and CFS samples are shown in figure 2 . The spectrum of sample CFM consists simply of a sextet (with hyperfine field B = 51.6 T), corresponding to bulk α-Fe 2 O 3 at room temperature [15] . For the starting CFS sample, two sextets were observed, with hyperfine parameters corresponding to Fe 3+ at A and B sites of the spinel structure, coincident with previously reported data [16, 17] . These parameters are summarized in table 2. Mössbauer spectra at T = 296 K of CFM and CFS samples milled for 420 h are shown in figure 3 . For the milled CFM sample, the spectrum was composed of one sextet and a central doublet ( figure 3(a) ). The isomer shift and quadrupole splitting values of the central doublet are in agreement with previously reported data for superparamagnetic α-Fe 2 O 3 particles [15] . The observed magnetic signal has hyperfine parameters corresponding to bulk α-Fe 2 O 3 , showing that a fraction of the initial large particles (above the SPM critical size) is still present after milling. For the milled CFS sample the central doublet in the spectrum has, within errors, the same parameters as those in the CFM sample (see table 2 ). To stress this similitude between the two central doublets, the inset of figure 3 shows the resulting curve after subtracting the CFS from the CFM spectrum, where only the magnetic part is left. A single broad line was added to fit both spectra at 296 K, to account (4) 13 (4) for relaxation effects and particle size distributions. This signal corresponds to the fraction of particles near the SPM critical size, i.e. having relaxation times close to the Mössbauer measuring time τ m [18] . In order to slow down superparamagnetic relaxation, Mössbauer measurements were performed at T = 4.2 K, well below the blocking temperature T B . The two spectra (figure 4(a)) display differences regarding the opposite asymmetry of the outer lines (1 and 6) and the broader lines of CFM sample at positive velocities. These differences suggest the existence of non-resolved magnetic components or hyperfine field distributions. The resulting distribution profiles showed three distinct field contributions in both cases (figures 4(b) and 4(c)), which accounted for the major features of the spectra. Based on these results, we analysed the data more simply using only three sites for each spectrum. As shown in table 3, the hyperfine fields obtained in this way match the values of each maximum of the distribution profiles. The H1 signal with B = 54.3(2) T in the FM sample is coincident with the value for bulk α-Fe 2 O 3 at this temperature [15, 19] , in agreement with the contribution from large particles observed in the room temperature spectrum. Based on previous measurements on nanosized CuFe 2 O 4 at T = 4.2 K [20] , the H2 and H3 magnetic signals observed in the milled CFM sample were assigned to A and B sites in the spinel structure. For α-Fe 2 O 3 particles with sizes below d ≈ 20 nm, a reduction of the hyperfine field is expected, due to magnetic collective excitations [19] . As observed by The small hyperfine field and broad lines are related to sample regions with oxygen vacancies and/or high local disorder produced during milling. We associate these features with the formation of sample regions with Cu x Fe 3−x O y stoichiometry (see discussion below) [21] .
Mössbauer measurements of annealed samples did not show evidence of SPM relaxation at room temperature (figure 5), in agreement with the larger grain sizes deduced from XRD data. For both spectra, the asymmetry of the magnetic lines indicates unresolved low-field contributions, and thus hyperfine field distributions were used to fit the data. The similitude between the resulting distribution profiles of CFM and CFS samples is remarkable, with the main component centred at B ≈ 51 T, and a minor distribution at lower fields (B < 50 T). In both cases, the maximum of the distribution is associated with the added contributions from α-Fe 2 O 3 and spinel phases. The observed distributions at B < 50 T indicate that, even after annealing, a noticeable amount of local disorder of the Fe 3+ environments is still present in both samples. Figure 6 shows magnetization data for milled CFS and CFM samples, at T = 300 and 4.2 K. The saturation magnetization M s , coercive force and remanence to saturation ratio values at both temperatures are given in [22, 23] . On the other hand, this value is much higher than that predicted for the CFM sample assuming only contributions from the starting CuO and α-Fe 2 O 3 oxides. It is also observed that full saturation is not reached at fields of H = 90 kOe, suggesting a spin canted structure formed during the milling process in both systems. At T = 300 K both milled samples are superparamagnetic for the measuring times (τ ≈ 100 s) involved in magnetization measurements, as seen from the nearly zero coercive fields H c . The larger 
Discussion
Although XRD data of both as-prepared CFM and CFS samples show clearly distinguishable peaks, the corresponding patterns of milled samples show the evolution towards a similar phase composition. This fact indicates that chemical reactions take place during milling. The possibility of producing chemical transformations through mechanical energy has been extensively demonstrated in metallic as well as in oxide systems [1, [24] [25] [26] [27] . Matteazzi and Le Caër [28] have shown that chemical reduction of haematite to nanocrystalline wüstite can be achieved by dry ball milling, using carbon as a reducing element. Similarly, recent experiments performed by Linderoth et al [29] have demonstrated the reversibility of the reaction α-Fe 2 O 3 ↔ Fe 3 O 4 , depending on the milling conditions. The study of solid reactions induced by mechanical energy (mechanochemistry) and mechanosynthesis of metastable compounds has given rise to the concept of tribochemical equilibrium [30] , which is strongly associated with the conditions under which the reaction takes place. In the present milling experiment, the tiny amounts of CuO phase observed suggest that similar mechanisms may be operative.
It is well known that, for ball-milled powders, the final phases can show a high degree of microstructural disorder. As the oxygen vacancies produced by milling break the Fe-OFe superexchange paths, the average magnetic field at an Fe site is expected to decrease. Within the spinel ferrite structure, the A-B interactions are stronger than the [31, 32] . Therefore, the redistribution of Cu
2+
and Fe 3+ ions between A and B sites of the spinel structure can effectively modify the superexchange interactions, lowering the local field of a given Fe 3+ site. The local disorder at Fe sites, originating in these mechanisms, lowers the observed hyperfine fields and produces a distribution of iron coordinations that broaden the resonant line. The magnetic component with the lowest hyperfine field and large linewidth observed in milled samples is likely to be due to this kind of locally disordered Fe site produced during milling.
Iron reduction from α-Fe 2 O 3 to Fe 3 O 4 has been detected in ball milling experiments using closed containers [20, 29] . In spite of the difficulty of indexing the characteristic XRD peaks due to line broadening, the presence of magnetite can be identified by the increase of the magnetic moment, since M s (Fe 3 O 4 ) = 98 emu g −1 . In our present experiment, the low saturation magnetization of milled samples, even lower than the M ≈ 34 emu g −1 of the CuFe 2 O 4 phase indicates that formation of Fe 3 O 4 was not an important reaction during milling. The values of magnetization of milled samples can be understood from the contributions of the phases detected, considering the relation
where M s is the experimental value observed at H = 90 kOe, and each superscript indicates the corresponding phase. The molar fraction x which leads to the observed value M s ≈ 20 emu g −1 is x ≈ 0.4. This value does not contradict the relative amounts of haematite and spinel phases found from Mössbauer and x-ray data. However, since magnetization values may be somewhat lowered by the spin canting and ionic disorder effects detected in milled samples, the above estimation must be taken as a rough approximation only.
As mentioned in the results, the M R /M s ≈ 0.5 values found for milled samples at 4.2 K suggest that the resulting particles are single domain with uniaxial anisotropy. For these particles the magnetic anisotropy energy is described by E(θ) = KV sin 2 θ , where K is the anisotropy constant, V the particle volume and θ the angle between the easy direction and the magnetization vector [19, 33] . The resulting superparamagnetic relaxation time τ depends on the KV product as
where τ 0 is of the order of 10 −10 -10 −12 for ferro-and ferrimagnets [18, 33] . This dependence implies that a distribution of KV values will give relaxation times above and below the Mössbauer measuring time τ m , leading to blocked and superparamagnetic particles respectively. Making use of previously reported values of anisotropy constants K of α-Fe 2 O 3 and CuFe 2 O 4 compounds [15, 22] and of equation (1), we estimated the ratio between both relaxation times of these phases. The obtained anisotropy energies led to τ (α-Fe 2 O 3 )/τ (CuFe 2 O 4 ) ≈ 1, for given particle volume and temperature. Therefore, samples with similar particle sizes would display similar relaxation effects. This is observed in the Mössbauer spectra at 296 K of milled samples (figure 3) where the relaxation effects observed are nearly the same. However, a sextet can be observed for the CFM sample (see figure 3 ), revealing 23(4)% of particles with sizes well above the critical value. The same contribution of large α-Fe 2 O 3 particles in sample CFM is observed at 4.2 K from the H1 signal, which amounts to 17(3)% of the total resonant area. No such contribution of large particles is observed in the milled CuFe 2 O 4 (CFS) sample. Since the obtained d values from x-ray data are coincident within error, the differences in Mössbauer spectra suggest different size distributions in milled CFM and CFS particles. The magnetic signal of the CFM sample implies that the distribution profile has a significant tail extending to the large-volume region (about d > 20 nm for the phases considered). The same considerations of anisotropy energies indicate that the absence of blocked particles in milled CFS may be originated in a narrower size distribution around the average d = 13 nm value. This difference in the final particle distributions might be related to dissimilar hardnesses of the phases involved, which affect the grinding efficiency under the same experimental conditions [34, 35] .
From the above discussion, the phase composition of milled samples can be explained assuming partial reversibility of the α-Fe 2 O 3 +CuO ↔ CuFe 2 O 4 reaction during milling. For the CFS sample, ball milling first reduces the particle size to the nanometre scale, which is followed by partial segregation of α-Fe 2 O 3 and formation of Cu x Fe 3−x O 4 spinel. These two phases are composed of particles with sizes below the SPM critical size, at room temperature. For the CFM sample (CuO + α-Fe 2 O 3 starting phases) the same initial reduction of particle size takes place, although a detectable amount of large haematite particles remains after 420 h of milling. Subsequently, formation of Cu x Fe 3−x O 4 phase takes place, presumably involving the smallest α-Fe 2 O 3 particles produced. The proposed mechanisms are in agreement with a picture where mechanosynthesis consists of: (a) reduction of the grain size below a certain value and (b) the subsequent chemical reaction towards the equilibrium phase composition under the milling conditions.
In summary, we found that after 420 h of ball milling, different starting compositions of the Fe-Cu-O system evolved towards the same equilibrium composition of α-Fe 2 O 3 , CuO and spinel phases. Whereas the final d values were similar in both milled samples, the different particle size distributions yielded noticeable differences in magnetic behaviour. The resulting phase compositions were explained assuming partial reversibility of the CuO + α-Fe 2 O 3 ↔ CuFe 2 O 4 reaction during milling. The spinel phase formed by milling was assigned to Cu x Fe 3−x O 4 (0 < x < 1) having cubic structure. The decrease of the grain size below a minimum value was found to be a necessary condition for chemical transformations between Fe-Cu-O phases to take place during milling.
